We report on a new approach to large field-of-view laboratory-based X-ray phase-contrast imaging. The method is based upon the asymmetric mask design that enables the retrieval of the absorption, refraction and ultra-smallangle scattering properties of the sample without the need to move any component of the imaging system. The sample is scanned through the imaging system, which also removes possible aliasing problems that might arise from partial sample illumination when using the edge illumination technique. This concept can be extended to any desired number of apertures providing, at the same time, intensity projections at complementary illumination conditions. Experimental data simultaneously acquired at seven different illumination fractions are presented along with the results obtained from a numerical model that incorporates the actual detector performance. The ultimate shape of the illumination function is shown to be significantly dependent on these detector-specific characteristics. Based on this concept, a large field-of-view system was designed, which is also capable to cope with relatively high (100 kVp) X-ray energies. The imaging system obtained in this way, where the asymmetric mask design enables the data to be collected without moving any element of the instrumentation, adapts particularly well to those situations in medical, industrial and security imaging where the sample has to be scanned through the system.
INTRODUCTION
X-ray imaging is an invaluable tool for the non destructive inspection of the internal structure of objects and finds application in a large variety of different fields, ranging from biological and medical sciences to materials engineering and security screening. In conventional radiography, contrast is solely generated by the differences in the attenuation that the X-rays encounter while passing through the sample under investigation. This capability can be extended by means of a phase-contrast imaging system, where also the phase shifts, imparted to the X-ray wave that travels through the sample, contribute to the modulation of the intensity recorded by the image receptor. [1] [2] [3] This approach bears great potential for the enhancement of image contrast, especially in those cases where intrinsically weakly absorbing samples are investigated.
X-ray phase-contrast imaging (XPCI) can be achieved, in the hard X-ray regime, with different techniques, including amongst others: crystal interferometry, 4-8 analyser crystal techniques 9-15 free space propagation, 16, 17 grating interferometry [18] [19] [20] and edge illumination. 21, 22 We focus on the latter for its capability to provide quantitative phase and (ultra-small-angle) scattering information, 23, 24 its compatibility with the polychromatic and divergent X-ray beam produced by conventional tubes 25, 26 and robustness of the set-up. The illumination function describes how the detected intensity changes when one mask is scanned along y with respect to the other. y is also the direction along which the system is sensitive to refraction.
METHODS
The typical experimental set-up for an edge illumination XPCI experiment consists of an X-ray beam propagating from a source towards an aperture that is placed in close proximity of the sample. The function of this aperture is that of defining a narrow (few tens of micrometres) laminar beam that traverses the sample and then impinges on the edge of a second aperture that is placed before the detection system (see Figure 1a) . In a synchrotron setting one aperture is typically used and the sample has to be scanned through the beam in order to acquire a two dimensional image. A set of apertures carved in a single structure to form a two dimensional mask, is usually preferred for laboratory settings to enable the acquisition of two-dimensional images in a single shot (see Figure 1b ).
In a conventional edge illumination XPCI system, the intensity projections are acquired under complementary illumination conditions by physically moving one mask with respect to the other. The function that describes how the detected intensity changes, as a function of the relative displacement between the two masks, is called illumination function. It can be described as the convolution of two rectangular functions, representing the sample and detector apertures, and the source intensity distribution projected at the detector mask's plane.
24, 29
When one mask is shifted with respect to the other, the working point of the system moves along this illumination function.
For some applications, for example when system robustness and simplicity have to be maximised, the necessity to perform masks movements during data acquisition might be considered disadvantageous. For these cases, a system based on an asymmetric mask design 30 can provide a solution where the imaging system is kept completely stationary during data collection and the only movement required is that of scanning the sample through. An asymmetric mask is obtained by modifying the conventional mask design into an asymmetric pattern of apertures in order to obtain complementary illumination conditions on adjacent pixels columns, rather than aiming at having the same illumination condition across the entire field of view. A three-way asymmetric mask, for example, is obtained by classifying the apertures into three groups such that they follow the pattern {1, 2, 3, 1, 2, 3 . . . 1, 2, 3} along the y direction. The positions of all the apertures belonging to group 1 remain unchanged. The positions of all the apertures belonging to group 2 are shifted by −s and the positions of all the apertures belonging to group 3 are shifted by +t; with respect to the conventional uniformly spaced mask design. This can be extended to any desired number of groups where the relative shifts s and t can be tuned to obtain images at specific points along the illumination function.
A seven-way asymmetric mask was manufactured to the Authors' design by Creatv MicroTech, Inc. (Potomac, MD). The X-ray absorbing material was gold electroplated onto a graphite substrate. Apertures were 23 and 29 µm wide in the sample and detector mask respectively. While the detector mask's pitch was regular at 98 µm, the sample apertures where relatively shifted by (±8, ±12, ±17) µm with respect to the regular pitch of 79 µm that would have harmonically matched the two masks via beam divergence. This was tested by using an edge illumination XPCI system based on a laboratory source (Molybdenum target rotating anode) operated at 45kV/20mA. The sample and the detector masks were placed at 1.6 and 2 m from the source, respectively. The experimental results obtained with this asymmetric mask exhibit some characteristics that are related to the shape of the point spread function of the particular detector used. In this case the detector was a flat panel consisting of a CMOS sensor with directly deposited caesium iodide scintillator and a pixel size of 50 µm× 50µm (C9732DK-11, Hamamatsu, Japan). The illumination function measured experimentally were accurately reproduced by means of a numerical model that incorporates the actual detector characteristics. These results are then compared to those that would be expected by using a direct conversion detector. With the aim of extending the currently available field of view, a new prototype was designed. The sample mask was 15 cm high and 1.2 cm wide. Combined with the scanning of the sample, this enables a relatively large field of view to be achieved, up to 15 cm × 50 cm. The thickness of the absorbing septa was increased to 200 µm, such that the system could cope with the harder X-ray beams, 80 − 100 kVp. Each asymmetric group consists of four apertures, simultaneously providing four complementary illumination levels. 
RESULTS
The illumination functions experimentally measured with the seven-way asymmetric mask are reported in Figure  2a (markers). Adjacent detector columns result into laterally shifted illumination functions. This means that, for a given position of the sample mask (e.g. position 0 µm) seven different illumination fractions are simultaneously achieved in each column group. From the experimental data it is possible to observe that not only are the illumination functions shifted, but also changed in shape. This effect was numerically reproduced to a high level of accuracy, and it is plotted in Figure 2a (continuous lines). The numerical model used in this case is based on wave optics 31 and accounted for the experimentally measured point spread function of the detector. 32 The reason for this change in shape of the illumination functions is the non-negligible cross-talk between adjacent pixels resulting from the use of an indirect conversion detector, albeit used in line-skipping mode. 33 This is confirmed by the numerical results of Figure 2b , where a detector with zero cross-talk was simulated. In this case, as a result of the asymmetric design, the illumination function are shifted one with respect to the other, but no distortion in their shape is observed. It has to be noted, however, that even in the case of the indirect conversion detector, the working point at position 0 µm still provides the expected illumination fractions of ±35%, ±60%, ±80% and 100% despite the distortion in the shape of the illumination functions. Experimental results obtained with the new prototype are shown in Figure 3 . These illumination functions are simultaneously provided by four adjacent detector pixels columns, across the 15 cm × 1.2 cm area covered by the sample mask. Data were collected at 100 kVp and the complementary illumination fractions of approximately 100%, ±80% and 55% are simultaneously achieved. 
CONCLUSION
The concept of asymmetric masks for edge illumination X-ray phase-contrast imaging was presented and discussed. It enables the realisation of a system that is completely stationary during data acquisition, with the only requirement being that the object under investigation is scanned. For this reason this method is particularly suitable for those situations were the sample needs to be scanned through the imaging system, e.g. industrial inspection as well as some medical applications. A seven-way mask implementation of this concept was experimentally investigated and the result were accurately reproduced by numerical simulations accounting for the actual detector performance in terms of point spread function and pixel cross-talk. These concepts can be extended to a large field of view system capable of working at relatively high X-ray energies. Preliminary experimental results from the new scanner that is currently under development were presented.
